Osteonecrosis (ON) is caused by inadequate blood supply leading to bone death, which results in the collapse of the architectural bony structure. Femoral head is the most common site involved in ON. Magnetic resonance imaging (MRI) is a commonly used imaging modality to detect early ON. When MRI is inconclusive, bone scan is helpful in detecting ON during early phase of the disease. As newer nuclear medicine equipment, like single photon emission computed tomography/computed tomography (CT) and positron emission tomography/CT, are emerging in medical science, we review the role of these imaging modalities in ON of femoral head.
INTRODUCTION
Osteonecrosis (ON) is caused by inadequate blood supply leading to bone death, which results in the collapse of the architectural bony structure. ON can be due to interruption of the vascular supply as a result of local trauma or nontraumatic systemic conditions [1] . In general, symptomatic patients present with pain and reduced range of motion. Initially, pain is due to increase in intramedullary pressure resulting from medullary bone marrow edema. However, clinical diagnosis is often difficult due to lack of specific symptoms during the initial period. Common sites for ON include the femoral head, humeral head, knee, femoral and tibial metadiaphysis, scaphoid, lunate and talus [2] . Femoral head is the most common site involved in ON [1] . In the femoral head, site of necrosis is immediately below the weight bearing articular surface of the bone, i.e., the anterolateral aspect of the femoral head. Early recognition of the disease is essential for better patient management.
RADIOLOGICAL IMAGING IN ON
The clinical findings and imaging studies are the primary modalities used to diagnose and stage ON. In radiology, the imaging modalities to detect ON are conventional radiographs, computed tomography (CT) and magnetic resonance imaging (MRI). In nuclear medicine imaging, the imaging modalities are planar bone scintigraphy, single photon emission computed tomography (SPECT) only bone scintigraphy, SPECT/CT bone scintigraphy and 18 F-fluoride positron emission tomography/CT (PET/ CT) bone scan. Different staging systems have been developed based on the severity of symptoms and imaging findings. Knowledge of degree of involvement in ON of femoral head helps in selecting the optimal treatment and also predicting the prognosis. In general, the most important feature of the staging system is the initial collapse of the cortex of femoral head. Before collapse, the necrotic lesion in the cortex can undergo repair and the damage may be reversible; after collapse, the damage is irreversible [1] .
Conventional radiographs
Being the least expensive and most widely available method, imaging evaluation of ON usually begins with conventional radiography. Ideally, both frontal and frogleg lateral projections should be obtained. The typical radiographic appearance shows patchy areas of lucency with surrounding sclerosis [2] . The surrounding sclerotic margin correlates with the host bone response to wall off the areas of necrosis. X-rays may also show early articular collapse (Figure 1 ). However, radiography has low sensitivity during early stages.
CT
In early femoral head ON, a CT scan may shows alteration of the normal "asterisk" that is formed due to condensation of the compressive and tensile trabeculae. Although, CT has lower sensitivity in detection of early changes than scintigraphy or MR imaging, it is helpful for detecting articular collapse location and extent in epiphyseal ON [3] [4] [5] .
MRI
MRI is considered the most sensitive and specific imaging modality in detection of ON [6, 7] . Generally, early fatty marrow necrosis is not associated with changes in signal intensity on MR studies. Death of cellular marrow components initiates tissue reaction, which results in appearance of a reactive interface between live and necrotic marrow areas. The hallmark of early avascular necrosis lesions is clear delineation of normal-appearing epiphyseal area with either a low-signal-intensity band on T1-weighted images or a rim of sclerosis on radiographs [2] . The rim of sclerosis is often crescentic or wedge shaped. The interface appears as a low-signal-intensity band with a sharp inner face and a blurred outer face on MRI [8] .
A "double-line" sign on T2 weighted MRI has been demonstrated in 65%-85% of cases of early ON [8] . This double-line sign consists of an outer low signal intensity rim of sclerosis and a second inner high signal intensity representing the reparative granulation tissue of the reactive interface. However, some authors have attributed the outer low signal intensity rim to a potential chemicalshift artifact [9] . In a minority of patients, the area of ON may also show intrinsic characteristics such as hemorrhage (high signal intensity on T1-and T2-weighted), cystic changes (low signal intensity on T1-weighted and high signal intensity on T2-weighted images), and fibrous tissue (low signal intensity with all pulse sequences). Nonspecific diffuse marrow signal abnormality may be seen in patients with sickle cell anemia and Gaucher's disease. On a contrast enhanced MR study, typically, there is lack of enhancement of the necrosed area. A peripheral rim of enhancement corresponding to the zone of creeping substitution granulation tissue is generally seen [2] . In advanced disease, lesions show low signal intensity on T1 weighted and variable signal intensity on T2 weighted images. However, previous studies have demonstrated that signal changes on MR imaging may not be evident despite histologic evidence of ON [10] [11] [12] . It has been shown that signal changes caused by the death of marrow cells from ischemia on T1-and T2-weighted images may not occur until 5 d after interruption in the blood supply [10] . Hence, MRI may be false negative in the early phase of ON.
NUCLEAR MEDICINE IMAGING IN ON

Planar technetium-99m methylene diphosphonate bone scintigraphy
Technetium-99m methylene diphosphonate ( 99m Tc-MDP) bone scintigraphy is one of the most commonly performed nuclear medicine studies. It is highly sensitive in detection of different benign and malignant bone pathologies [13] . The skeleton is made up of inorganic calcium hydroxyapatite crystals. The tracer uptake in a bone scan primarily identifies areas of osteoblastic activity. Tc-MDP binding occurs by chemisorption in the hydroxyapatite component of the osseous matrix. However, blood flow is the other most important factor influencing uptake of the radiotracer. As low as 5% change in bone turnover can be detected on bone imaging, whereas 40%-50% of mineral must be lost to detect lucency within the bone on radiographs and CT [14] . Three phase bone scan is usually performed in patients with suspected ON. In the three phase study, a bolus of 99m Tc-MDP is injected intravenously with the concerned body parts under the gamma camera. The first phase of the study includes immediate dynamic images after radiotracer injection acquired for 60 s. The second phase or blood pool or soft tissue phase is acquired after approximately 5-10 min of radiotracer administration and delayed phase after 2-3 h.
As ON is an evolving process, the appearance on bone scan depends on the stage of the disease. In the acute phase of ON, no radiotracer is delivered to the bone tissue. Therefore, initially for 7-10 d after the event, ON generally appears on bone imaging as a photopenic area (Figures 2 and 3) . After 1-3 wk, increased radiotracer uptake is seen in a subchondral distribution due to osteoblastic activity at the reactive interface around the necrotic segment [15] . Imaging with pinhole collimator is useful as it increases the resolution. Overall sensitivity of bone scintigraphy for diagnosis of ON of femoral head is from 78% to 91% [16] [17] [18] . This variation in sensitivity is probably due to different etiology of ON of femoral head. For example, sensitivity is high in ON following femoral neck fracture due to sudden and nearly complete cut off of blood supply resulting in large, well defined cold lesion on bone scintigraphy. However, in chronic processes like steroid induced ON, typical cold lesion may not be identified and scintigraphy usually demonstrates increased tracer localization due to microcollapse and repair. Some studies have shown that bone scan is superior to conventional MRI in early detection of ON [19] . However, a planar bone scan has its own limitations of low specificity due to difficulty in distinguishing ON from fractures, transient osteoporosis or other conditions [1] . Although MRI is considered the diagnostic modality of choice in patients with femoral head ON, bone scan remains a valid alternative with fractured femoral neck with a metallic fixation device. Moreover, it is also helpful when involvement of multiple sites is suspected in patients with risk factors such as sickle cell disease.
SPECT bone scintigraphy
SPECT imaging is a nuclear medicine modality which produces cross-sectional images similar in presentation to CT and MRI in radiology. On planar bone scintigraphy, earliest and most evident finding of ON, i.e., photopenic region in the femoral head may be obscured by the superimposed acetabular and other surrounding bone activity [20] . This overlying increased activity could be due to osteoarthritis, fracture, inflammatory arthritis, etc., and results in false negative test results. As SPECT provides three-dimensional images, it is possible to separate the femoral head from other overlying bony structures (Figures 4-6 ). Siddiqui et al [21] demonstrated that both MRI and bone SPECT are complementary to each other in detecting subclinical avascular necrosis in asymptomatic renal allograft recipients. Ryu et al [20] showed that bone SPECT imaging is more sensitive than MRI in early detection of femoral head ON in renal transplant recipients. Their study revealed 100% sensitivity of SPECT in detection of ON of the femoral head, compared to 66% for MRI. Several other studies have shown that in ON of the femoral head, the sensitivity of MRI ranges from 85% to 100% and that of SPECT bone imaging ranges from 85% to 97% [22] [23] [24] . Hence, SPECT bone scan could be equally informative in patients with suspicion of ON of the femoral head.
SPECT/CT bone scintigraphy
Hybrid SPECT/CT provides both anatomical and metabolic information (Figures 2 and 3 ) [13] . CT component is helpful in localization and characterization of increased osteoblastic activity seen on planar or SPECT only images. CT scan added to SPECT can detect subtle collapse of the femoral head, which may not be easily visible on plain radiographs. In addition, morphological imaging may detect other underlying pain generators, which may explain the symptoms. Although SPECT-only bone scintigraphy has high sensitivity, its specificity is low. Luk et al [25] showed that SPECT/CT has similar sensitivity (100%) as SPECT bone scintigraphy, but better specificity compared to SPECT imaging alone (88% vs 82%) for the diagnosis of ON of the femoral head. In another study, SPECT/CT was found superior to planar and SPECT only bone scan for the diagnosis of ON. SPECT/CT demonstrated diagnostic accuracy of 95%, sensitivity of 98% and specificity of 87% compared to diagnostic accuracy of 67%, sensitivity of 75% and specificity of 40% for planar bone scan [26] .
F-fluoride PET bone scan
With wider use of PET/CT and reintroduction of the 18 F-fluoride bone scan, its role in ON has been evaluated by researchers. 18 F-fluoride is a positron-emitting radiotracer [13] . After diffusion through capillaries into bone extracellular fluid, 18 F-ions exchange with hydroxyl groups in hydroxyapatite crystals to form fluorapatite [13] . 18 F-fluoride PET has several advantages over 99m Tc-MDP bone scan. 18 F-fluoride has approximately 100% first-pass extraction in bone, allowing the estimation of bone blood flow. Further, its uptake in bone is two-fold higher than that of 99m Tc-MDP. Moreover, it is not protein bound, which leads to faster blood clearance and better target-to-background ratio. In addition, PET/CT imaging has higher resolution compared to SPECT/CT leading to better appreciation of the characteristic photopenic region on PET/CT. Hence, 18 F-fluoride bone scan has high sensitivity compared to 99m Tc-MDP bone scan [13] . Quantification is another technical advantage of PET/CT imaging. Additional CT features theoretically results in high specificity of 18 F-fluoride PET/CT in ON of femoral head.
Typically, a ring sign, i.e., circular pattern uptake surrounding a photopenic region is noted on 18 F-fluoride PET/CT studies [27] . The central photopenia represents the necrotic area, whereas the surrounding uptake area probably reflects reactive bone formation around the necrotic area or microcollapse. A study by Gayana et al [28] revealed higher sensitivity and accuracy of 18 F-fluoride PET/CT compared to MRI in ON of the femoral head. Recently, one group showed that metabolic information obtained from 18 F-fluoride PET/CT is useful to predict femoral head collapse in ON [27] . A semi-quantitative parameter like SUVmax is used for quantifying bone metabolism. They concluded that SUVmax increases with stage progression and collapse of femoral head was observed within 12 mo after 18 F-fluoride PET in patients with SUVmax more than 6.45. This finding could be very useful in predicting femoral head collapse in ON and may lead to early management change.
CONCLUSION
Imaging plays a crucial role in early diagnosis of ON of the femoral head. Although MRI is a commonly used modality in detecting ON, nuclear medicine imaging technology has improved tremendously in recent years. Although there is scarcity of literature, new imaging modalities like SPECT/CT bone scan and 18 F-fluoride PET/CT have similar or better results in comparison to MRI in ON of the femoral head. In addition, they provide both morphological and metabolic information.
